Allogeneic stem cell transplantation represents the most active form of anti-leukaemic therapy in acute myeloid leukaemia (AML). Advances in transplant technology and supportive care have resulted in improved outcomes in patients allografted using a myeloablative conditioning regimen. At the same time the use of reduced-intensity conditioning regimens has allowed an immunologically mediated graft-versus-leukaemia effect to be exploited in older patients who were previously ineligible for transplantation on the grounds of age or comorbidity. This coupled with the increased availability of alternative stem cell sources, in the form of either unrelated or cord blood donations, has established allogeneic transplantation as a key therapeutic strategy in the treatment of both younger and older adults with AML.
Introduction
Acute myeloid leukaemia (AML) is now the commonest indication for allogeneic transplantation in adults. 1 This reflects both the continued inadequacy of conventional chemotherapy and the growing realization that a potent graft-versus-leukaemia (GVL) may be exploited in patients allografted for AML. In the past decade it has become clear that not only has the benefit of myeloablative allogeneic transplantation in younger patients been consistently underestimated but also that the use of reduced-intensity conditioning (RIC) regimens now permits the delivery of a potentially curative GVL effect in older patients whose outcome with conventional chemotherapy would be dismal. 2, 3 The limitations of conventional chemotherapy are particularly marked in patients over the age of 50 where fewer than 20% of patients can be expected to be cured with current regimens. [2] [3] [4] [5] Until the advent of RIC regimens the potent anti-leukaemic activity of allogeneic transplantation had been restricted to the small number of adults young enough to tolerate the toxicity of a myeloablative conditioning regimen. 6 In a disease whose incidence rises sharply with age this effectively prevented the delivery of the most effective form of anti-leukaemic therapy to the majority of patients with AML. 5 Consequently, the demonstration that reduced-intensity regimens permit the extension of a GVL effect to the majority of patients with AML represents arguably the most important therapeutic advance since the introduction of conventional chemotherapy. [7] [8] [9] [10] At the same time the ability to access suitable stem cell donors for patients who lack a matched sibling-whether through the increased size of volunteer unrelated registries or the development of umbilical cord blood banks-now makes the long-term aim of incorporating an allograft as a key component of the management plan for all patients with high-risk AML a realistic prospect for the coming decade. [11] [12] [13] Emerging therapeutic strategies in AML Improving outcome of conventional chemotherapy The remarkable clinical activity of the ABL kinase inhibitor imatinib in the treatment of patients with chronic myeloid leukaemia (CML) has demonstrated the therapeutic potential of targeting the molecular abnormalities causing myeloid leukaemias. 14 However, the molecular complexity of AML has limited the development of a similar therapeutic strategy. 15, 16 Thus, although there has been much interest in the development of small molecule inhibitors which target dysregulated signalling pathways, such as FLT3 inhibitors or farnesyltransferase inhibitors, these drugs are largely ineffective in both newly diagnosed and relapsed patients with AML. 17, 18 Whilst disappointing, these results are not in themselves surprising given the remarkable degree of molecular heterogeneity of adult AML as demonstrated by microarray and single nucleotide polymorphism analyses. 16, 19 The notion that targeting a single pathway is likely to be an effective treatment strategy in AML is also undermined by the demonstration that the pathogenesis of this disease is a multi-step process in which the acquisition of mutations in both differentiation and proliferative pathways is required. 15, 20 It has therefore become clear that the prospect of currently available targeted therapies transforming the outcome for large numbers of adults with AML is as remote as it is economically daunting.
The identification of a small subpopulation of CD34 þ CD38À cells within the bulk population of leukaemic blasts, which are responsible for the continued growth and propagation of leukaemic cells in murine transplantation models has led to a re-evaluation of the target cell population in AML. 21 Importantly, a number of groups have demonstrated that this population of leukaemic stem cells (LSC) demonstrate differences in their transcriptional profile compared with the bulk population of leukaemic blasts. 22 Consequently, strategies which target molecular pathways central to the survival of long-term repopulating LSC are required. Such an approach, which offers the prospect of specifically targeting the LSC compartment, is of genuine therapeutic promise but is currently limited by our incomplete understanding of the molecular determinants of the LSC phenotype. Nonetheless, inhibitors of the nuclear factor (NF)kB pathway, mTOR, and the WNT/ b-catenin pathways, all of which have been shown to be abnormally regulated in LSC, are currently in Phase I/II trials [23] [24] [25] [26] and offer the possibility of developing a more effective targeted therapeutic strategy.
Optimizing a GVL effect in AML
The growing realization of the limitations of targeting intracellular abnormalities within AML blasts has led to renewed interest in the development of immunotherapeutic strategies which instead target immunodominant epitopes on the surface of leukaemic blasts. Harnessing a GVL effect represents an increasingly important treatment option in AML thanks to the development of RIC regimens. In addition to classical data showing a correlation between disease relapse and the presence of GVHD, 27, 28 some of the most compelling evidence supporting the presence of a significant GVL effect in patients allografted for AML is the demonstration that the intensity of post transplant immunosuppression has a major impact on relapse risk. 29 Remarkably reducing the cyclosporin A (CsA) dose administered in the first 20 days post transplant is sufficient to reduce the relapse rate by more than 30%. 30, 31 However, exploitation of a GVL effect-an approach which can bypass the intracellular mechanisms of drug resistance which characterize adult AML-has been hampered by the risk of attendant severe GVHD.
Candidate antigens on AML blasts and LSC recognized in a GVL reaction include minor histocompatibility antigens and leukaemia-specific antigens such as WT1 and PR-1. 32, 33 Immunotherapeutic strategies that aim to exert an anti-tumour effect through the induction of a donor response to a disparate host HA-1 antigen are limited by the rare frequency of this allele and its HLA restriction. 34, 35 In contrast, antigens such as WT1 represent an attractive option given its overexpression in up to 70% of patients with AML. 32 Recently, the demonstration of immune responses to leukaemia-specific antigens such as WT1 and PR-1 in patients with AML and ALL has led to studies that aim to induce an autologous T-cell response using peptide vaccination or TCR gene transfer. 36, 37 It is clear however that further characterization of the antigens recognized in the GVL reaction will be vital if we are to improve current immunotherapeutic strategies in high-risk AML.
Results of myeloablative allogeneic stem cell transplantation in AML
A myeloablative sibling allograft delivers the most effective form of anti-leukaemic therapy in patients with AML. In patients transplanted in first CR long-term disease-free survival (DFS) rates in the region of 60-70% are routinely achieved and the risk of disease relapse is reduced by 25-30% compared with patients treated with chemotherapy alone. 6, 38 In patients with advanced disease (CR2 or greater), whose outcome with salvage chemotherapy alone is usually dismal, DFS rates in the region of 40-50% can be expected after a sibling or unrelated donor transplant. 39 Remarkably, even patients with primary refractory disease can achieve durable remissions after a myeloablative allograft. 40 The major causes of treatment failure in patients allografted using a myeloablative conditioning regimen remain transplant-related mortality (TRM), principally GVHD, and, in patients with advanced-phase disease, relapse. Consequently, the effective treatment of patients in first CR has been dependent on the development of a risk stratification model which allows allogeneic transplantation, with its attendant morbidity and mortality, to be restricted to patients whose outcome with chemotherapy alone will be poor. In contrast, in patients with advanced disease the demand has been for transplant technologies that further reduce the risk of disease relapse either through intensifying the conditioning regimen or optimizing a GVL effect. Importantly, although there can be increasing confidence that RIC regimens possess the capacity to produce durable remissions their ability to deliver long-term DFS has not yet been conclusively demonstrated. Consequently, a myeloablative conditioning regimen should still be viewed as the 'gold standard' preparative regimen in eligible patients undergoing allogeneic transplantation in AML until longer-term follow-up of outcome of RIC allografts and results of a formal comparison of both regimens is obtained.
The role of allogeneic transplantation in management of patients in first CR
After 20 years of heated debate there is now convincing evidence that sibling allogeneic transplantation improves DFS and overall survival (OS) in patients with AML in first CR. 6, [41] [42] [43] The controversy surrounding this issue has in part been caused by the long-standing mutual antagonism of transplant enthusiasts and their more sceptical colleagues and also reflects the difficulties of assessing the benefits of transplantation in a statistically rigorous fashion. These include the fact that physician and patient bias make it impossible to perform a randomized controlled trial and the inevitability that the time delays associated with allogeneic transplantation allow some of the highest risk patients to relapse before a transplant can be performed. An alternative method to assess the benefit of transplantation in first CR is the use of a 'donor-vs-no donor' analysis in which the availability of a matched sibling donor-a random event-is used as a substitute for formal randomization. Although such an approach is imperfect, since it will underestimate the benefit (or detriment) of transplantation because not all patients with an available donor will actually be transplanted, this form of analysis has proved the best way of overcoming the multiple potential biases associated with the decision whether to allograft a patient. 44 Five major studies using a donor-vs-no donor analysis have now been reported in patients with AML in first CR. 6, [41] [42] [43] 45 While they do not individually show any benefit in terms of overall survival (OS) all but one shows an improvement in DFS in patients with an available sibling donor ( Table 1 ). The absence of a statistically significant survival benefit in the individual studies probably reflects the fact that a sizeable proportion of patients in the non-transplant arm who relapsed received salvage chemotherapy and a subsequent allogeneic transplant. However, a recent meta-analysis of more than 4000 patients entered into these trials confirms improved survival, as well as DFS, in patients with an available HLA identical sibling donor. 6 Given the toxicity of allogeneic transplantation and the ability of current chemotherapy regimens to cure a proportion of patients it is essential to identify patients who are likely to be cured by chemotherapy alone. To date the most effective form of risk stratification has been based on presentation karyotype. Thus, while allografting improves outcome in patients with intermediate or high-risk cytogenetics it is not of benefit in patients with good-risk cytogenetics. 6 The recent demonstration that relapse risk can be more accurately quantified using molecular analysis-including mutational analysis of FLT3 and NPM1 genes-offers the prospect of further accuracy in defining which patients with intermediate-risk cytogenetics will benefit from allogeneic transplantation using a sibling, or possibly unrelated, donor. 46 The other critical assessment to be made in patients who are candidates for allogeneic transplantation relates to the risk of transplantation. Gratwohl's seminal study 47 of patients transplanted for CML identified patient age, disease duration, donor sex and HLA disparity as predictors of TRM. In patients undergoing a sibling allograft for AML patient age has emerged as the most significant determinant of TRM. 6, 41 The demonstration that the TRM after a myeloablative allograft in patients with AML in first CR rises from 19% in patients under the age of 20 to 39% in patients over the age of 35 supports the exploration of the use of RIC allografts in this population. Recent improvements in tissue typing and transplant technology have also resulted in markedly improved outcomes after unrelated donor transplantation in AML. 48 Consequently, in patients with high-risk cytogenetics who lack a matched sibling the poor outcome with standard chemotherapy justifies the emergence of transplantation using a volunteer unrelated donor (VUD) as standard practice.
49,50
Role of allogeneic transplantation in the management of patients in second CR and with advanced-phase disease The fact that no prospective studies have examined the role of allogeneic transplantation in patients with AML beyond first CR is testament to the inability of chemotherapy alone to produce durable remissions in the great majority of patients with relapsed disease and the consequent absence of an ethically acceptable control arm. In contrast, registry data demonstrate DFS rates in the region of 30-50% in patients in second CR and therefore it seems reasonable to recommend that all patients with a sibling donor should proceed swiftly to transplant once they have achieved remission. 39 In patients lacking a matched family donor DFS rates in the region of 35-40% can be achieved using a well-matched VUD and in young patients with a short CR1 duration and intermediate-or poor-risk cytogenetics this is the treatment of choice. [48] [49] [50] However, it should be remembered that autologous transplantation has been reported to produce similar long-term survival rates in patients with first CR of long-duration (418 months) and good-risk cytogenetics.
39,51,52 Autologous transplantation is recommended for patients with relapsed acute promyelocytic leukaemia (APML) who have achieved a molecular remission and have a molecularly negative stem cell product 53, 54 and should also be considered in all patients with good-risk cytogenetics lacking a well-matched unrelated donor. In contrast allogeneic, rather than autologous, transplantation should be performed, where possible, in patients with relapsed APML who fail to achieve a molecular remission with salvage chemotherapy. 55 The encouraging recent results of RIC allografts in patients in second CR using sibling or unrelated donors make this an important area for future study particularly in patients estimated to have a high TRM using a myeloablative regimen. Patients with primary refractory AML who fail to achieve CR after induction chemotherapy should also be considered for a myeloablative transplant now that a number of centres have confirmed long-term DFS rates of between 20 and 30% in patients fit enough to tolerate a myeloablative conditioning regimen. 40, 56, 57 Optimizing outcome after myeloablative allogeneic transplantation in AML Recent efforts to improve the outcome of myeloablative allografts in AML have focused on reducing TRM and relapse risk. The two most widely used myeloablative conditioning regimens in AML combine either cyclophosphamide and total body irradiation (Cy/TBI) or busulphan (Bu) and Cy (Bu/Cy). A number of randomized studies have compared these regimens in myeloid malignancies. [58] [59] [60] [61] [62] [63] While there would appear to be broad equivalence of both regimens in patients with CML and early phase AML, studies using oral preparations of Bu suggest superiority of TBI-based regimens in patients with advanced-phase AML. 64 However, the pharmacokinetics of oral Bu are unpredictable resulting in highly variable blood levels. Given the higher relapse risk observed in patients with low Bu levels and the impact of high Bu levels on transplant toxicity-principally veno-occlusive disease-there has been intense interest in improving delivery of this highly effective anti-leukaemic drug. 65, 66 Consequently, historical results obtained using oral Bu must be re-evaluated in the light of the significantly improved results achievable using newer methods of Bu delivery. These include the use of area under the curve measurements to determine dosing of oral Bu, which allows a defined blood Bu level to be reliably delivered (targeted T Bu/Cy) or the use of an intravenous Bu preparation (i.v. Bu/Cy). [67] [68] [69] Using a T Bu/Cy regimen the Seattle group have reported markedly reduced transplant toxicity and relapse rates in patients allografted for CML and secondary AML. 70 Similar encouraging results have been reported using an i.v. Bu/Cy regimen and there is now a compelling case for a randomized trial of one of these regimens with a Cy/TBI preparative regimen.
There has been much interest in whether the outcome after sibling allogeneic transplantation in AML can be improved by the use of peripheral blood stem cells (PBSC) as opposed to bone marrow progenitors. While unquestionably associated with faster neutrophil and platelet engraftment the impact of the use of PBSC on long-term outcome remains controversial. There are, however, reports which demonstrate improved survival, consequent upon a reduction in both TRM in patients with advanced-phase AML. 71 This benefit may be offset by an increased risk of chronic GVHD in PBSC recipients and in children there is evidence that this translates into decreased OS. 72 It has also been hypothesized that the use of PBSC provides a mechanism by which a GVL effect may be augmented as a result of manipulation of the content of the stem cell inoculum. Such a notion is supported by separate evidence that the CD34 þ content of grafts may be a critical determinant of relapse risk, possibly through an effect on numbers of antigen-presenting cells. 73, 74 Reduced-intensity allogeneic transplants in AML The ability of reduced-intensity allografts to deliver durable remissions in older patients with high-risk AML has now been demonstrated by a number of groups. 7, 9, 10, [75] [76] [77] [78] [79] [80] [81] Although longer-term follow-up is still required on these cohorts it is likely that RIC allografts represent a major advance in the treatment of AML in older patients and important questions concerning the optimal reducedintensity regimen and the integration of RIC allografts into the overall management of older patients must now be addressed.
Leukaemia-free survival rates in the region of 40-60% of patients are achievable using a variety of reduced-intensity regimens in patients with AML in their fifth and sixth decade. A number of conclusions can be drawn from these studies. First, the outcome of patients with active disease at the time of transplant is poor and these patients should not be considered for RIC transplant unless a morphological remission can be achieved with salvage chemotherapy. Second, the outcome of patients undergoing a sibling or unrelated donor transplant is broadly equivalenta significant observation given the scarcity of fit sibling donors in this older population. Lastly, the incidence of acute and chronic GVHD after T-cell-replete RIC allografts in AML is considerable with up to 60% of patients developing chronic GVHD. 9, 79, 81 In addition to representing the major cause of morbidity and mortality the presence of active GVHD limits opportunities to manipulate a GVL effect post transplant using donor lymphocyte infusion (DLI) or withdrawal of immunosuppression. Use of the T-cell-depleting antibodies anti-thymocyte globulin (ATG) or alemtuzemab as part of the preparative regimen has been shown to be effective at reducing the risk of severe acute GVHD and extensive chronic GVHD. 10, 12, 82, 83 However, the attendant T-cell depletion is associated with impaired immune reconstitution and an increased risk of infectious complications-particularly cytomegalovirus reactivation. 84, 85 More importantly, such regimens are associated with a higher risk of disease relapse and this represents the major cause of treatment failure in patients undergoing a reduced-intensity transplant for myeloid malignancies. 10 Therefore, the development of strategies which decrease relapse risk in the context of T-cell-depleted reduced-intensity allograft is now a priority.
What is the current role of RIC allografts in the management of AML?
The challenges of confirming the benefit of myeloablative allografts in AML have already been referred to and the extent to which the encouraging preliminary results with RIC allografts in AML reflect patient selection should be borne in mind. Two prospective studies have recently confirmed that it is possible to transplant a substantial proportion of older patients with AML and one study has demonstrated improved outcome in patients allografted using a donor-vs-no donor analysis. 76, 78 However, larger studies are still required of the impact of RIC allografts, using both sibling and unrelated donors, on the outcome of patients over the age of 50 with newly diagnosed AML.
Strategies to improve outcome after RIC allografts
Reduction of disease relapse Disease relapse occurs in 30-40% of patients transplanted in first or second CR. The kinetics of relapse after RIC allografts appears to differ from that observed after myeloablative transplants occurring, in the great majority of patients, in the first year post transplant. 10 Consequently, strategies aimed at decreasing the relapse rate must either focus on reducing the disease burden prior to transplant, intensifying the preparative regimen without a concomitant increase in toxicity or optimizing the GVL effect in the first few months post transplant.
The observation that almost all patients undergoing an RIC allograft with active disease at the time of transplant relapse raises the possibility that a more precise assessment of disease load in patients in morphological CR at the time of transplant might identify patients at a higher risk of relapse and this needs to be formally addressed, using immunophenotypic measures of minimal residual disease (MRD), in future prospective studies. Two approaches currently under investigation by which the leukaemic burden at the time of transplant can be minimized are the use of an additional cycle of chemotherapy (usually a third course) or even an autograft prior to allogeneic transplantation 7 or modification of the preparative regimen to increase its anti-leukaemic activity. i.v. Bu is currently being explored in conjunction with fludarabine as a novel preparative regimen. 69, 86 Alternatively, radioimmunotherapy may prove an effective mechanism of targeting the anti-leukaemic properties of radionuclides such as yttrium or iodine to the marrow cavity without increasing extramedullary toxicity. In animal models radiolabelled anti-CD45 has also been shown to be immunosuppressive raising the possibility that such an approach might be sufficient to deliver durable engraftment as well. 87 A number of approaches can be used to augment a GVL effect post transplant. CsA exposure is likely to play a central role in determining relapse risk after a RIC transplant. 29, 30 While the already substantial risk of severe acute and chronic GVHD in recipients of T-cell-replete RIC allografts makes it difficult to contemplate a reduction in the intensity of post transplant immunosuppression with any degree of equanimity, particularly in recipients of unrelated donor transplants, a randomized study examining the impact of reducing the dose or duration of CsA on disease relapse is important in recipients of T-celldepleted RIC allografts. Similarly, data are lacking concerning the optimal form of T-cell depletion in RIC allografts for AML. A prospective study comparing the impact of alemtuzemab or ATG dose on relapse and GVHD risk and the results of dose de-escalation in recipients of alemtuzemab-based RIC allografts would be of value in developing more effective reduced-intensity regimens.
Despite the clear evidence of GVL in AML, DLI is not usually effective in patients who relapse after a RIC allograft. Consequently, there is interest in the administration of prophylactic DLI in patients deemed to be at a higher risk of relapse as a strategy to optimize the GVL effect post transplant. 88 The presence of mixed T-cell chimerism after a reduced-intensity allograft is taken to indicate bidirectional tolerance and it can be argued that DLI should be administered in these patients in the first few months post transplant with the aim of achieving full donor T-cell chimerism. 89 Other groups have explored the possibility of restricting the use of DLI to patients who demonstrate MRD positivity post transplant. This approach is hampered by the lack of informative molecular markers of MRD in the majority of patients with AML-in contrast to acute lymphoblastic leukaemia-and the concern that patients may proceed rapidly to a frank morphological relapse. Nonetheless, this approach may be of value in a number of patients particularly if markers such as WT1 prove to be accurate markers of incipient relapse. 90 The major factor limiting the administration of DLI in the first year post transplant is the risk of GVHDparticularly in unrelated donor transplant recipients. It is still not clear why the toxicity of early DLI is so high but possibilities include the presence of residual host antigenpresenting cells and more rapid kinetics of lymphocyte expansion in a lymphopenic environment. 91 Whatever the mechanism it is necessary to administer much lower doses of lymphocytes than would be used in patients who relapse late and as a result it may be difficult to administer an effective lymphocyte dose. 92 Consequently, there is interest in the development of strategies which allow the postponement of DLI after RIC allografts. One such approach might be the adjunctive use of a drug such as azacitidine with activity against residual host leukaemic blasts to manipulate the kinetics of disease relapse and postpone or eliminate the requirement for DLI. 93 The future of RIC allogeneic SCT in AML The advent of reduced-intensity preparative regimens has transformed the landscape of allogeneic transplantation for AML in less than a decade. Therefore, there is now a case for a prospective comparison of outcome after RIC and myeloablative conditioning regimens in younger patients with AML-particularly those aged between 35 and 50 whose TRM we know to be unacceptably high. Moreover, the encouraging outcomes achieved with RIC allografts in older patients with AML make it possible to contemplate a future where an allograft becomes standard of care for patients with AML over the age of 50. Because of the lack of effective chemotherapy for so many patients with highrisk AML it is possible that this fundamental change in practice will occur before the results of rigorous prospective studies are available-if indeed it ever proves practicable to perform them. However, three major challenges remain (Table 2) . First, it is clear that the optimal reduced-intensity regimen has yet to be defined and prospective randomized studies will be required to address this issue. Second, although the expansion of unrelated donor registries and development of high resolution tissue typing has transformed the availability and outcome of unrelated donor transplants a significant proportion of patients still lack a suitable donor. However, encouraging results have been reported using umbilical cord blood, particularly when two cord blood units are used, and this may represent an important new stem cell source for RIC allografts in AML. 94 Lastly, the failure of up to 30% of older patients with high-risk AML to achieve a CR of sufficient duration to allow them to proceed to an allograft with induction chemotherapy means that regimens which improve outcome in patients with resistant or relapsed disease are required. The FLAMSA regimen which incorporates an additional block of cytoreductive therapy prior to transplant followed by early DLI appears promising in this regard. Table 2 Unresolved issues in reduced-intensity allogeneic stem cell transplantation amenable to analysis by randomized trials Role of T-cell depletion on relapse and overall survival Impact of minimal residual disease status at the time of transplantation on relapse risk Optimal dose and duration of post transplant immunosuppression Role of donor lymphocyte infusion in patients with isolated mixed T-cell chimerism in the first 12 months post transplant
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